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Usin g Anatomica l  Informatio n t o Enric h th e Conne c _ .  . 

N o r m a l  an d Impaire d Visua l  W o r d Recognitio n 

...VfUVIllll g U I 

R i c h a r d Shillcoc k (rcs@cogsci.ed.ac.uk ) 
P a d r a i c M o n a g h a n (pmon(i)cogsci.ed.ac.uk ) 
Centr e fo r  Cognitiv e Science ,  Universit y o f  Edinburg h 

2 Buccleuc h Place ,  Edinburgh ,  E H 8 9 L W ,  U.K . 

Abstrac t 

We argue that the connectionist modelling of visual word 
recognitio n ca n b e mad e mor e explici t  an d mor e accurat e b y 
th e incorporatio n o f  informatio n concernin g th e initia l 
projectio n o f  th e visua l  field  t o th e visua l  cortex .  W e sho w 
tha t  thi s initia l  projectio n involve s th e precis e splittin g o f 
th e visua l  field  int o tw o hemifields ,  eve n i n th e cas e o f  th e 
fovea l  projection :  whe n a  singl e wor d i s fixated,  tha t  par t 
of  th e wor d t o th e righ t  o f  th e fixation  poin t  initiall y  goe s 
t o th e lef t  hemispher e an d tha t  par t  t o th e lef t  initiall y  goe s 
t o th e righ t  hemisphere .  W e presen t  a  numbe r  o f  reason s 
why thi s initia l  splittin g shoul d b e assume d t o persis t  int o 
th e highe r  cognitiv e processin g concerne d wit h visua l 
wor d recognition .  W e explor e thre e differen t  phenomen a -
th e processin g priorit y give n t o th e exterio r  letter s o f 
words ,  th e optimu m an d preferre d viewin g position s fo r 
wor d recognition ,  an d th e cor e phenomen a o f  dyslexi a -
and sho w tha t  i n eac h cas e a  mode l  base d o n a  spli t 
architectur e make s th e correc t  prediction s an d capture s th e 
human dat a i n a  parsimoniou s an d natura l  way .  W e conclud e 
tha t  anatomica l  informatio n concernin g th e initia l  visua l 
projectio n ca n enric h th e modellin g o f  visua l  wor d 
recognition . 

Modelling and Anatomical Information 

The relativ e succes s o f  th e connectionis t  cognitiv e 
modellin g o f  visua l  wor d recognitio n partl y reflect s th e fac t 
tha t  suc h model s embod y som e o f  th e styl e o f  processin g o f 
th e neurona l  leve l  o f  description :  m a n y simpl e unit s 
workin g i n parallel ,  grade d activity ,  distribute d 
representations .  T o thi s extent ,  thes e model s reflec t  cortica l 
physiolog y an d anatomy .  I n thi s pape r  w e explor e wha t 
benefit s migh t  accru e t o th e modellin g o f  visua l  wor d 
recognitio n b y incorporatin g th e gros s anatomica l  structur e 
of  th e visua l  syste m -  specifically ,  th e precis e splittin g an d 
contralatera l  projectio n o f  th e visua l  field.  Curren t  model s o f 
visua l  wor d recognitio n assum e tha t  th e relevan t  processin g 
has equa l  an d simultaneou s acces s t o al l  o f  th e visuall y 
presente d word .  W e mak e th e cas e tha t  th e initia l  splittin g 
and contralatera l  projectio n o f  th e visua l  field  -  includin g th e 
fovea l  projectio n -  persist s int o th e highe r  cognitiv e 
processe s o f  wor d recognition .  W e explor e thi s conclusio n 
wit h respec t  t o existin g dat a o n norma l  visua l  wor d 
recognition ,  an d als o demonstrat e tha t  th e impairmen t  o f  a 
spli t  connectionis t  architectur e provide s a  principle d an d 
parsimoniou s explanatio n o f  dyslexi c dat a tha t  enriche s 
existin g connectionis t  lesionin g accounts . 

The Foveal Projection is Split 

The visua l  fiel d i s  spli t  i n it s  initia l  projectio n t o th e 
primar y visua l  cortex .  Thi s precis e splittin g i s tru e eve n o f 
th e fovea l  projection :  whe n a n isolate d wor d i s read ,  th e lef t 

of  th e wor d i s  initiall y  projecte d t o th e righ t  hemispher e 
(RH )  an d th e righ t  t o th e lef t  hemispher e (LH) .  Sugishita , 
Hamilton ,  Sakuma ,  an d H e m mi  (1994 )  presen t  compellin g 
dat a t o thi s effect ,  wit h a  commissurotomise d subjec t 
readin g singl e word s straddlin g th e fixatio n poin t  an d 
controlle d b y eye-trackin g equipment .  The y demonstrat e tha t 
any sharin g o f  visua l  informatio n betwee n th e initia l 
projectio n t o th e tw o hemisphere s i s  ver y limited ,  an d 
adjacen t  letter s m a y typicall y b e projecte d t o differen t 

hemisphere s  ̂ 
Thi s fac t  o f  periphera l  visua l  processin g ha s n o rol e i n 

conventiona l  modellin g o f  visua l  wor d recognitio n a s i t  i s 
assume d eithe r  tha t  thi s initia l  fovea l  splittin g doe s no t 
happe n o r  tha t  suc h splittin g i s completel y transcende d b y 
th e tim e tha t  th e processin g directl y relevan t  t o wor d 
recognitio n occurs .  Se e Shillcoc k &  Monagha n (submitted ) 
and Brysbaer t  (1994 )  fo r  furthe r  discussion .  Below ,  w e 
presen t  fou r  argument s t o th e effec t  tha t  thi s conventiona l 
vie w i s to o stron g a  positio n t o sustain ,  an d tha t  wor d 
recognitio n i s influence d t o som e degre e b y fovea l  splitting . 

Intra- and Interhemispheric Processing 

(a )  Ou r  first  argumen t  agains t  ignorin g fovea l  splittin g i n 
visua l  wor d recognitio n concern s th e natur e o f  informatio n 
and information-flo w i n th e brain .  Recurren t  connectivit y i s 
pervasiv e i n th e visua l  system ,  an d i n th e res t  o f  th e brain . 
Visua l  informatio n doe s no t  mak e it s wa y unidirectionall y 
fro m mor e peripheral ,  crude r  representations/areas-of-the -
brai n t o mor e central ,  mor e sophisticate d ones ,  an d 
ultimatel y t o thos e mediatin g wor d recognition .  Rather , 
consciou s wor d recognitio n depend s upo n th e orchestratio n 
of  activit y i n al l  th e relevan t  areas ,  includin g th e precisel y 
spli t  primar y visua l  cortex . 

Althoug h i t  i s  possibl e t o clai m tha t  th e highe r  visua l 
area s contai n receptiv e fields  tha t  spa n th e tw o hemifields , 
and tha t  th e primaril y homotopi c arrangemen t  o f  callosa l 
neuron s ca n b e interprete d a s providin g eac h hemispher e 
wit h informatio n fro m th e entir e visua l  fiel d (see ,  e.g. , 
Berlucch i  &  Antonini ,  1990) ,  w e clai m tha t  conclusion s 
abou t  th e functiona l  architectur e o f  visua l  wor d recognitio n 
canno t  b e directl y draw n fro m observation s o f  receptiv e 
field s alone .  Fo r  instance ,  th e parieta l  lobul e (i n th e 
macaque) ,  concerne d wit h visua l  attention ,  ha s bee n show n 
t o hav e generall y larg e an d bilatera l  receptiv e fields,  wit h a n 
averag e diamete r  o f  44° .  However ,  th e centre s o f  th e 
receptiv e field s (th e retina l  locatio n a t  whic h pea k respons e 
occurs )  ten d t o b e locate d i n th e contralatera l  visua l  fiel d 
(Andersen ,  Asanua ,  Essick ,  &  Siegel ,  1990) .  Th e necessar y 
dat a o n h o w th e functiona l  architectur e o f  wor d recognitio n 

Not e tha t  thes e argument s appl y t o eac h eye . 
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find s expressio n i n th e physiolog y an d anatom y o f  th e 

human brai n i s a s ye t  underdetermined ,  an d w e argu e tha t  th e 
cautiou s assumptio n i s t o accep t  tha t  th e initia l  splittin g o f 
th e visua l  fiel d m a y no t  b e completel y transcende d b y a 
singl e passin g o f  informatio n acros s th e corpu s callosu m t o 
joi n th e relevan t  informatio n fro m th e othe r  hemifield . 
Indeed ,  a  recen t  Hebbia n accoun t  suggest s tha t  bi -

hemispheri c cell-assemblie s mediat e wor d recognitio n 
(Pulvermiiller ,  submitted) . 
(b )  Lateralit y studie s constitut e th e secon d argumen t  agains t 
th e curren t  assumptio n tha t  th e tw o hemisphere s dela y an y 
an d al l  processin g relevan t  t o wor d recognitio n unti l 
complet e an d equa l  sharin g o f  al l  informatio n has  occurred . 
Lateralit y studie s typicall y involv e th e presentatio n o f  letter s 
or  word s t o a  singl e hemifield ,  an d man y suc h studie s hav e 
s h o w n differen t  processin g predisposition s w h e n 

presentatio n i s exclusivel y t o on e o r  othe r  hemispher e (see , 
e.g. ,  Hellige ,  1995 ;  Mohr ,  Pulvermiiller ,  &  Zaidel .  1994) . 
Thes e difference s woul d no t  occu r  i f  th e tw o hemisphere s 
postpone d lexica l  processin g -  lette r  an d wor d recognitio n -
unti l  visua l  informatio n i n th e tw o hemifield s ha d bee n 
completel y shared . 
(c )  I n neglec t  dyslexia ,  damag e t o on e hemispher e (typicall y 
th e R H )  ca n caus e asymmetri c (contralesional )  impairmen t 
of  lexica l  representation s (see ,  e.g. ,  Ellis ,  Flud e &  Young , 
1987) .  Th e complete ,  consciou s awarenes s o f  a  singl e 
visuall y presente d wor d seem s t o requir e bot h hemisphere s 
t o b e intac t  an d m a y b e disrupte d i n spatiall y  predictabl e 
ways b y th e (ofte n no t  ver y specific )  impairmen t  o f  on e 
hemispher e (se e als o Chatterjee ,  1995) . 
(d )  I n som e case s o f  neglect ,  damag e t o on e hemispher e 
cause s contralesiona l  error s i n ora l  spellin g (Hilli s  & 
Caramazza ,  1990) .  Eve n th e high-leve l  cognitiv e processin g 
involve d i n ora l  spelling ,  wit h n o externa l  visua l  stimulus , 
seems t o sho w spatiall y  predictabl e asymmetries . 

Thus these four different types of data suggest that the initial 
splittin g o f  th e visua l  field  int o tw o hemifield s m a y b e 
perpetuate d i n som e for m i n th e highe r  cognitiv e processin g 
immediatel y relevan t  t o visua l  wor d recognition .  Th e 
informatio n fro m th e ipsilatera l  hemifiel d m a y arriv e later , 
or  i t  m a y b e accorde d a  lesse r  statu s fo r  som e par t  o f  th e 
processin g prio r  t o wor d recognition .  A  rang e o f  option s i s 
possible ,  shor t  o f  th e complet e an d equa l  sharin g o f 
informatio n fro m th e tw o hemifield s befor e an y lette r  o r 
wor d recognition . 

Implications for Word Recognition 

Below ,  w e investigat e som e o f  th e consequence s o f  fovea l 
splittin g fo r  modellin g visua l  wor d recognition .  W e assum e 
a degre e o f  intrahemispheri c processin g o f  th e informatio n 
fro m th e contralatera l  hemifield .  W e repor t  thre e differen t 
set s o f  visua l  wor d recognitio n dat a an d demonstrat e tha t  i n 
eac h cas e th e h u m a n dat a emerge s naturall y fro m th e 
requirement s o f  a  spli t  processin g architecture . 

Processing exterior letters of words 

Th e first  an d las t  letter s o f  visuall y presente d word s see m t o 
be accorde d som e sor t  o f  processin g priority .  Thus ,  th e 
"exterior "  letter s ar e bette r  tha n th e interio r  letter s a t  primin g 
th e whol e wor d (Forste r  &  Gartlan ,  1975 )  an d subject s ca n 

bette r  identif y speede d postmaske d presentation s o f  pair s o f 

legitimat e exterio r  letter s (lik e d  k ,  a s i n dark )  compare d 
wit h non-legitimat e pair s (lik e z  k )  (Jordan ,  1990) . 

T o mode l  thi s behaviou r  w e emplo y a  simpl e networ k 
as show n i n Figur e 1 .  Th e four-lette r  inpu t  word s ar e 
presente d acros s an y an d al l  set s o f  tou r  adjacen t  inpu t  nodes . 
Thre e inpu t  position s straddle d th e "fixatio n point "  betwee n 

th e tw o hemifields ,  tw o fel l  wholly  i n on e o r  othe r  hal f  o f 
th e model .  Individua l  letter s ar e code d i n term s o f  eigh t 
binar y unit s representin g visua l  features .  Th e mode l  wa s 
traine d o n th e 6 0 mos t  frequen t  four-lette r  word s i n th e 
C E L EX database ,  an d i t  successfull y learne d t o reproduc e th e 
word s a t  th e outpu t  unit s fo r  al l  five  position s i n whic h th e 
wor d occurre d a t  th e inpu t  units .  Th e networ k wa s judge d t o 
hav e learne d th e tas k whe n mea n square d erro r  fo r  eac h wor d 
was les s tha n 0.5 .  Thi s occurre d afte r  approximatel y 20 0 
epoch s o f  training . 

outpu t 

lef t  hidde n righ t  hidde n 

lef t  inpu t righ t  inpu t 

Figur e 1 :  T h e spli t  mode l  use d t o simulat e th e exterio r  an d 
interio r  letter s effec t 

The model was then tested using as inputs the exterior and 
interio r  letter s o f  th e words ,  respectively ,  an d replacin g th e 
missin g letter s wit h a  mask ,  produce d b y settin g eac h inpu t 
featur e t o hal f  it s  max ima l  value .  (I n th e experiment s bein g 
simulated ,  wor d lengt h i s typicall y conveye d b y makin g th e 
mask exactl y overla p th e fou r  wor d positions. ) 

As Figure s 2  an d 3  show ,  th e exterio r  letter s effec t 
emerges ,  whethe r  th e node s measure d a t  outpu t  correspon d t o 
th e whol e wor d (f(59 )  =  7.82 ,  p  <  0.001 )  o r  jus t  t o th e 
letter s presente d a t  inpu t  (r(59 )  =  10.12 ,  p  <  0.02) .  Thi s 
robus t  effec t  i s  directl y du e t o th e spli t  architecture ,  a s 
s h o w n b y paralle l  simulation s carrie d ou t  wit h a  non-spli t 
architectur e wit h equivalen t  computationa l  resource s (i.e .  th e 
s a me n u m b e r  o f  unit s an d connections) .  I n thi s se t  o f 
simulations ,  th e behaviou r  o f  th e non-spli t  networ k di d no t 
reliabl y produc e th e exterio r  letter s effect .  A n analysi s o f 
varianc e ( A N O V A )  comparin g th e behaviou r  o f  th e tw o 

946 



network s gav e a  significan t  interactio n betwee n th e factor s 

of  architectur e (spli t  vs .  non-split )  an d inpu t  (exterio r  v* . 
interio r  letters :  fo r  th e whol e word .  F(l ,  236 )  =  28.23 ,  p  < 
0.001 ;  fo r  th e presente d letters ,  F(l .  236 )  =  31.44 ,  p  < 
0.001 . 

1 u  -

7.5 -

5 -

2.5 -

0 -

m .  i: . 
I N ip m iiciwui K 

L J non-spli t  networ k 

6.0 3 

1 

^ 

l i 

6.6 6 

9.3 5 

\\\\ ^ 

i 

^ 

^ 

0.Z 4 

exterio r  letter s interio r  letter s 

letter s presente d 

Figure 2: Mean error on whole word at output, with 
presentatio n o f  th e exterio r  letter s an d th e interio r 

letter s fo r  th e spli t  an d non-spli t  architectures . 

3-

§ 2 -

zr 
•y. 
c 
1 ' -

0-

[n J spli t  networ k 

1 1  non-spli t  networ k 

0.7 6 

^ S ^ 

^ 

1.6 0 

2.9 0 

M 

H ^ 

1.9 5 

exterio r  letter s interio r  letter s 

letter s presente d 

Figure 3: Mean error at output for only the presented letters, 
fo r  th e exterio r  an d interio r  letter s an d fo r  th e tw o models . 

Subsequent exploration of the behaviour of the two 
network s showe d tha t  th e spli t  networ k invariabl y give s th e 
exterio r  letter s effect ,  an d tha t  th e non-spli t  networ k onl y 
occasionall y adopt s a  strateg y o f  prioritisin g th e processin g 
of  th e exterio r  letters .  Th e effec t  i s  du e t o th e spli t 
disproportionatel y disruptin g attempt s t o defin e interio r 

letter s i n term s o f  thei r  immediat e contexts .  Interestingly , 
th e effec t  als o emerge s i n ou r  spli t  mode l  fo r  thos e 
presentation s solel y t o on e hal f  o f  th e model ;  thi s behaviou r 
raise s a  nove l  principl e i n theorisin g abou t  hemispheri c 
interaction ,  tha t  whe n a  singl e hemispher e attempt s a  task , 
i t  m a y b e convenien t  fo r  i t  t o recapitulat e th e splittin g tha t 
typicall y occur s whe n th e tw o hemisphere s collaborate . 

We conclud e tha t  th e exterio r  letter s effec t  -  a 

phenomeno n tha t  ha s remaine d largel y outsid e th e purvie w 
of  curren t  model s o f  wor d recognitio n -  i s  a  processin g 
signatur e o f  a  spli t  processor . 

Optimum and Preferred Viewing Position 

Subjects '  optima l  o r  preferre d viewin g positio n fo r  singl e 
word s i s eithe r  i n th e centr e o f  th e word ,  o r  slightl y t o th e 
lef t  o f  th e centr e (O'Regan ,  1990) .  Thi s behaviou r  m a y b e 
directl y observe d usin g eye-tracking ,  o r  i t  m a y b e inferre d 
fro m th e spee d an d accurac y o f  wor d recognitio n w h e n th e 
wor d i s presente d wit h differen t  lette r  position s 
correspondin g t o th e initia l  fixatio n point ;  performanc e i s b y 
definitio n bes t  a t  th e optima l  fixatio n point .  Thi s behaviou r 
i s conventionall y accounte d fo r  b y sayin g tha t  th e processo r 
i s attemptin g t o positio n a  limite d w indo w o f  high-fidelit y 
processin g ove r  th e mos t  informativ e par t  o f  th e wor d (see , 
e.g. ,  Legge ,  Klit z &  Tjan ,  1997) .  W e wil l  n o w explor e a 
differen t  accoun t  base d o n th e hypothesi s tha t  thi s fixation 
behaviou r  i s optima l  fo r  a  spli t  architecture . 

We wil l  first  conside r  a  leve l  o f  representatio n dealin g 
wit h whol e words .  I t  i s  a  c o m m o n observatio n tha t  th e first 
halve s o f  Englis h word s ten d t o b e mor e informativ e tha n 
thei r  las t  halve s (se e Yannakoudaki s an d Hutto n (1992 )  fo r 
comparabl e phonologica l  statistics) :  syllabl e onset s contai n 
a greate r  rang e o f  segmen t  combination s tha n d o codas ,  an d 
(i n English )  th e end s o f  word s ofte n contai n suffixes .  A 
simpl e consequenc e o f  thi s fac t  i s  tha t  a  processo r  tha t  wa s 
tryin g t o provid e eac h hemispher e wit h th e bes t  informatio n 
abou t  th e identit y o f  th e singl e wor d straddlin g it s fixation 
poin t  -  simultaneousl y minimisin g entrop y i n eac h 
hemispher e -  woul d optimall y positio n it s fixation  poin t  i n 
th e centr e o f  th e wor d o r  t o th e lef t  o f  centr e 

We n o w conside r  th e lowe r  leve l  o f  individua l  lette r 
recognition .  Lette r  identit y an d locatio n mus t  b e determine d 
durin g wor d recognition .  W e m a y reconceptualis e thi s 
proble m a s on e o f  h o w t o alig n th e word s k n o w n t o th e 
processo r  i n suc h a  wa y tha t  th e ("vertical" )  distributio n o f 
letter s a t  an y on e positio n i s suc h a s t o minimis e entrop y a t 
tha t  position .  L o w e r  entrop y a t  a  certai n positio n 
(signifyin g a  skewe d distributio n o f  letter s a t  tha t  position ) 
i s take n t o entai l  les s processing ,  an d greate r  relianc e o n 
know n probabilities .  Figur e 4  illustrate s thre e options :  left -
justifie d (th e strateg y suggeste d b y Legg e e t  al. ,  1997) , 
right-justifie d (fo r  purpose s o f  comparison) ,  an d middle -

justified ^  (th e strateg y favoure d b y a  spli t  processor) .  (Not e 
tha t  ou r  model' s centra l  spli t  give s u s a n absolut e poin t 
aroun d whic h t o organis e suc h justification ,  allowin g u s t o 
be les s specifi c  abou t  th e existenc e o f  lette r  "slots". )  Th e 
relevan t  entropie s wer e calculate d fro m al l  o f  th e word s i n 

^  Fo r  od d number s o f  letters ,  th e midpoin t  i s place d t o th e 
left . 
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C E L E X,  multiplie d b y thei r  frequencies ,  an d plotte d (se e 
Shillcoc k &  Monaghan ,  submitted) . 

Th e plot s reveale d tha t  ther e wa s n o differenc e i n tota l 
entrop y betwee n th e left -  an d middle-justifie d condition s 
(/(19 )  =  -0.787 ,  U.S.) ,  bu t  tha t  bot h differe d significantl y 
fro m th e right-justifie d condition ,  whic h showe d greate r 
entrop y (respectively ,  /(19 )  =  -7.424 ,  p  <  0.001 ;  r(19 )  = 
-4.124 ,  p  <  0.001) .  A s th e plot s als o mad e clear ,  fo r  a  spli t 
architectur e ther e i s a  natura l  advantag e i n th e middle -
justifie d conditio n i n tha t  th e distributio n o f  entrop y b y 
lette r  positio n i s symmetrical ,  compare d wit h th e skewe d 
left-justifie d condition .  I t  i s  preferabl e fo r  th e labou r  t o b e 
share d b y th e tw o hemispheres ,  an d fo r  th e position s wit h 
highes t  entrop y t o fal l  i n th e fovea l  centre ,  wher e 
discriminatio n i s best . 

We conclud e that ,  i f  fixatio n positio n i s determine d s o a s 
t o facilitat e individua l  lette r  recognition ,  ther e i s n o inheren t 
advantag e i n th e left-justifie d strateg y suggeste d b y Legg e e t 
al .  a s approximatin g t o optima l  behaviour ,  compare d wit h 
th e middle-justifie d condition .  I n a  spli t  processo r  wit h 
significan t  intrahemispheri c processin g o f  hemifieid-specifi c 
information ,  th e observe d op t imu m h u m a n fixatio n 
behaviou r  optimise s bot h letter-in-wor d an d wor d 
recognition . 
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Figur e 4 :  Example s o f  (a )  left-justified ,  (b )  right-justified , 
and (c )  middle-justified . 

Impaired Visual Word Recognition 

We n o w briefl y revie w som e o f  th e centra l  behaviour s 
associate d wit h th e differen t  subtype s o f  dyslexi a an d sho w 
tha t  dysfunctio n i n a  spli t  processo r  ca n provid e a  principle d 
basi s fo r  m a n y o f  thes e behaviours .  T h e simples t 
dysfunctio n tha t  w e conside r  i s th e maladaptiv e coordinatio n 
of  th e tw o halve s o f  th e model ,  eac h wit h thei r  hemifieid -
specifi c  information .  O n e consequenc e o f  suc h a  dysfunctio n 
i s tha t  mor e hypothese s and/o r  mor e specifi c  hypothese s 

may b e develope d intrahemisphericall y -  befor e effectiv e 

interhemispheri c communicatio n ca n occu r  -  tha n woul d 
normall y b e th e case .  Problemati c hemispheri c interactio n 
and atypica l  lateralisatio n hav e lon g bee n linke d t o dyslexi a 
i n a  variet y o f  way s (see ,  e.g. ,  Davidso n &  Saron ,  1992) . 

Surface Dyslexia The regularisation errors of surface 
dyslexi a {pin t  pronounce d a s /pint/ )  (Marsha l  &  Newcombe , 
1973 )  naturall y emerg e a s failure s o f  acces s t o th e whol e o f 
th e orthographi c word .  Th e relevan t  simulatio n ha s bee n 

presente d b y Plau t  an d McClellan d (1993 )  i n whic h the y 
sho w tha t  th e appropriat e pronunciatio n o f  th e vowe l  i n a n 
exceptio n wor d lik e pin t  require s th e coordinatio n o f 
informatio n fro m th e orthographi c inpu t  onset ,  nucleu s an d 
coda .  I n contrast ,  thei r  mode l  allow s onset ,  nucleu s an d cod a 
individuall y t o determin e thei r  o w n pronunciatio n i n regula r 

word s lik e mill .  Substitutin g a  phonologica l  outpu t  fo r  th e 
orthographi c on e i n Figur e 1 ,  w e ca n se e h o w dysfunctiona l 
coordinatio n o f  th e tw o halve s o f  th e mode l  woul d caus e 
regularisatio n error s base d o n th e tw o halve s o f  th e inpu t 
word :  th e first  hal f  o f  pin t  woul d b e pronounce d a s i n pin k 
and pill ,  an d th e las t  hal f  a s i n hin t  o r  lint . 

Existin g connectionis t  account s o f  surfac e dyslexi a rel y o n 
reducin g th e computationa l  resource s availabl e t o th e 
processo r  (i n th e developmenta l  case )  (see ,  e.g .  Har m & 
Seidenberg ,  1996 )  o r  els e characteris e i t  i n term s o f  th e 
abilitie s o f  a  survivin g orthography-to-phonolog y pathwa y 
tha t  ha d a  divisio n o f  labou r  wit h a  now-impaire d 
orthography-to-semantic s pathwa y (i n th e acquire d case )  (see , 
e.g. ,  Plaut ,  McClelland ,  Seidenber g &  Patterson ,  1996) . 
Our  o w n accoun t  ma y b e see n a s a  specia l  instanc e o f  th e 
reduce d resource s account .  I t  i s  a  parsimoniou s accoun t  o f 
surfac e dyslexi a becaus e hemispheri c coordinatio n i s 
particularl y vulnerabl e t o non-specifi c  insul t  o r 
developmenta l  abnormality .  I t  i s  mor e motivate d tha n th e 

divisio n o f  labou r  account ;  afte r  all ,  eve n a  smal l  networ k 
model  suc h a s tha t  presente d b y Plau t  an d McClellan d 
(1993 )  ca n succee d i n pronouncin g exceptio n word s i n a 
genera l  mode l  o f  pronunciation .  Finally ,  th e accoun t  w e 
offe r  applie s t o bot h acquire d an d developmenta l  surfac e 
dyslexia . 

Phonological Dyslexia Phonological dyslexia is 
characterise d b y disproportionatel y poo r  performanc e i n th e 
pronunciatio n o f  nonwords ,  suc h a s nus t  (Derouesn e & 
Beauvois ,  1979) .  A  spli t  processo r  allow s a  degre e o f  mor e 
or  les s autonomou s processin g t o occu r  i n eac h hal f  o f  th e 
model ,  base d o n th e visua l  informatio n i n th e relevan t 
(contralateral )  hemifield .  I f  w e allo w autonomou s semanti c 
processin g t o occu r  i n eac h hal f  o f  th e mode l  i n thi s way , 
the n a  natura l  accoun t  o f  phonologica l  dyslexi a emerges . 
One wa y tha t  a  spli t  mode l  ca n adap t  t o poo r  coordinatio n o f 
th e visual/orthographi c inpu t  i s t o allo w semanti c 
processin g t o develo p furthe r  i n eac h hal f  o f  th e model ,  wit h 
th e par t  o f  th e wor d i n eac h hemifiel d encouragin g th e partia l 
activatio n o f  th e semantic s o f  th e word s possibl y involved . 
The lef t  hal f  o f  chai r  migh t  activat e th e semantic s o f  chase , 
chair ,  choir ,  .. .  an d th e right  hal f  air ,  chair ,  flai r  Th e 
intersectio n o f  thes e tw o set s i s th e presente d word ,  chair . 
We migh t  expec t  tha t  mappin g a  word' s phonolog y ont o th e 
semanti c coordinatio n o f  it s  tw o halve s migh t  b e les s 
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problemati c tha n mappin g a  word' s phonolog y ont o th e 
visua l  coordinatio n o f  it s tw o orthographi c halves :  callosa l 
connectivit y i s  mor e extensiv e fo r  th e "higher "  cortica l 
regions ;  orthographic-phonologica l  mappin g ma y b e mor e 
exacting ,  requirin g detaile d tempora l  processin g o f  th e 
phonologica l  representatio n i n conjunctio n wit h position -
specifi c  processin g o f  th e orthographi c representation . 

A processo r  tha t  relie s o n a  semantics-to-phonolog y 
mappin g canno t  cop e wit h nonword s o r  unknow n words . 
The bes t  tha t  ca n b e don e i s t o b e awar e o f  similaritie s 
betwee n know n word s an d th e tw o halve s o f  th e nonword ,  a n 
observatio n whic h phonologica l  dyslexic s ca n ofte n readil y 
make. 

Thi s outlin e o f  a n accoun t  o f  phonologica l  dyslexi a ma y 
complemen t  existin g account s whic h rel y o n a n impairmen t 
of  th e phonologica l  representation s (Har m &  Seidenberg , 
1996 ;  Brown ,  1997 ;  Plaut ,  McClelland ,  Seidenber g & 
Patterson ,  1996) ,  althoug h w e migh t  not e tha t  th e originall y 
observe d phonologica l  dyslexi c (LB )  seeme d t o presen t  wit h 
no suc h phonologica l  difficulties .  I t  shoul d als o b e note d 
tha t  callosa l  agenesi s -  a  clos e huma n equivalen t  t o on e en d 
of  th e rang e o f  spli t  model s w e hav e begu n t o explor e -
seems t o involv e a  readin g impairmen t  tha t  closel y 
resemble s phonologica l  dyslexi a (Temple ,  Jeeve s & 
Vilarroya ,  1990) .  Th e correlatio n betwee n phonologica l 
impairmen t  an d phonologica l  dyslexi a m a y no t  b e causal . 

Deep Dyslexia Hinton and Shallice (1991) and Plaut and 
Shallic e (1993 )  provid e comprehensiv e coverag e o f  th e dat a 
fro m dee p dyslexia ,  usin g a  mode l  tha t  map s fro m 
orthograph y t o semantic s (an d ultimatel y t o phonology) . 
The introductio n o f  a  spli t  architectur e int o thei r 
connectionis t  modellin g o f  dee p dyslexi a provide s a 
principle d an d specifi c  basi s fo r  th e disintegratio n o f 
orthographi c and/o r  semanti c processing .  Relativel y 
autonomou s semanti c processin g i n th e tw o halve s o f  th e 
model  provide s a n accoun t  o f  on e ver y specifi c  behaviou r 
produce d b y dee p dyslexics :  whe n a  confusio n occur s ove r  a 
word ,  i t  i s  typicall y th e cas e tha t  a  les s concret e wor d i s 
replace d b y a  mor e concret e word ,  a s i n pla n - ^  flan .  I t  i s 
generall y assume d tha t  th e R H i s  concerne d wit h th e 
representatio n o f  mor e concret e words .  B y allowin g mor e 
independen t  processin g t o occu r  i n th e R H ,  w e allo w fo r  th e 
fac t  tha t  mor e concret e interpretation s o f  th e dat a m a y 
become mor e influentia l  i n late r  processing .  Thi s accoun t 
provide s a  basi s fo r  a  longstandin g suggestio n (Coltheart , 
1980 )  tha t  dee p dyslexi a reflect s th e behaviou r  o f  a  R H 
readin g system . 

I n general ,  i n thi s necessaril y  brie f  examinatio n o f  th e 
differen t  subtype s o f  dyslexia ,  w e ca n se e tha t  spli t 
connectionis t  architecture s ar e abl e t o provid e a  principle d 
and specifi c  basi s fo r  th e emergenc e o f  a  rang e o f  relevan t 
type s o f  readin g impairment .  A  unifie d treatmen t  o f  th e 
subtype s o f  dyslexi a i s  possible ,  base d o n maladaptiv e 
hemispheri c coordination .  A t  th e sam e time ,  suc h model s 
may b e expecte d t o inheri t  th e genera l  advantages ,  alread y 
demonstrate d i n th e literature ,  o f  connectionis t  model s i n 
simulatin g othe r  aspect s o f  readin g dysfunction . 

C o n c l u s i o n s 

We bega n b y considerin g h o w th e initia l  projectio n t o th e 
visua l  corte x i s  precisel y split ,  an d w e the n explore d th e 
implication s o f  assumin g tha t  thi s spli t  i s  no t  completel y 
transcende d b y th e tim e tha t  visua l  wor d recognitio n occurs . 
We hav e show n tha t  thi s assumptio n lead s directl y t o natura l 
account s o f  a  se t  o f  dat a draw n fro m differen t  part s o f  th e 
wor d recognitio n literature .  Th e exterio r  letter s effec t  i s 
give n a n explanatio n tha t  i s  no t  availabl e t o curren t 
connectionis t  model s o f  visua l  wor d recognition .  Similarly , 
th e dat a o n th e optimu m an d preferre d viewin g positio n ar e 
give n a  coheren t  reinterpretatio n fro m th e perspectiv e o f  a 
spli t  architecture .  W e hav e shown ,  empirically ,  tha t  right -
justificatio n an d middle-justificatio n ar e n o differen t  i n thei r 
abilit y t o minimis e entrop y i n individua l  lette r  positions . 
Finally ,  w e hav e show n tha t  a  spli t  mode l  ha s th e potentia l 
t o provid e motivate d an d specifi c  explanation s o f  a  variet y o f 
behaviour s foun d withi n th e differen t  subtype s o f  dyslexia . 

The exac t  detail s o f  th e functiona l  architectur e o f  wor d 
recognitio n ar e stil l  fa r  fro m bein g adequatel y mappe d ont o 
th e know n physiolog y an d anatom y o f  th e h u m a n visua l 
system .  However ,  th e disparat e dat a w e hav e discusse d abov e 
represen t  a  growin g bod y o f  circumstantia l  evidenc e tha t  th e 
most  accurat e an d illuminatin g w a y t o mode l  wor d 
recognitio n i s b y mean s o f  a  clas s o f  spli t  architectures . 
Thi s genera l  mode l  make s specifi c an d testabl e prediction s 
concernin g a  rang e o f  wor d recognitio n paradigms .  Fo r 
instance ,  i f  th e processin g i n th e tw o hemisphere s i s mor e 
autonomou s tha n i s allowe d fo r  i n curren t  model s o f  visua l 
wor d recognition ,  the n a  variet y o f  confusio n error s betwee n 
th e differen t  hypothese s bein g entertaine d i n th e tw o 
hemisphere s migh t  b e expecte d t o occur .  Jus t  suc h error s 
hav e bee n reporte d i n th e literature :  Moze r  (1985 )  presente d 
subject s ver y briefl y wit h pair s o f  word s suc h a s lin e an d 
lac e an d observe d tha t  "lette r  migration "  error s occurred ,  i n 
whic h subject s reporte d seein g lic e o r  lane .  F ro m th e 
perspectiv e o f  th e mode l  discusse d above ,  thes e error s migh t 
be bette r  describe d a s "hemifiel d mismatc h errors" . 

We conclud e tha t  spli t  connectionis t  model s o f  visua l 
wor d recognitio n wil l  largel y inheri t  th e demonstrabl e 
advantage s o f  existin g connectionis t  model s o f  visua l  wor d 
recognition ,  an d wil l  augmen t  thei r  coverag e o f  th e dat a i n a 
parsimoniou s manner .  Model s o f  visua l  wor d recognitio n 
shoul d reflec t  th e wa y i n whic h th e brai n make s sens e o f  it s 
immediat e dat a abou t  th e visua l  world ,  somethin g tha t  i s 
reflecte d i n th e large-scal e anatom y o f  th e visua l  system .  A t 
th e sam e time ,  thi s modellin g ca n infor m ou r  theorie s o f  th e 
hemispheres '  mor e genera l  representationa l  principle s an d 
strategies . 
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